There is increasing evidence that short tandem repeats (STRs) -mutational hotspots present in genes and in intergenic regions throughout most genomes -may influence gene and protein function and consequently affect the phenotype of an organism. However, the overall importance of STRs and their standing genetic variation within a population, e.g. if and how they facilitate evolutionary change and local adaptation, is still debated. Through genome-wide characterization of STRs in over a thousand wild Arabidopsis thaliana accessions we demonstrate that STRs display significant variation in length across the species' geographical distribution. We find that length variants are correlated with environmental conditions, key adaptive phenotypic traits as well as gene expression levels. Further, we show that coding STRs are overrepresented in putative protein interaction sites. Taken together, our results suggest that these hypervariable loci play a major role in facilitating adaptation in plants, and due to the ubiquitous presence of STRs throughout the tree of life, similar roles in other organisms are likely.
.
It has been
proposed that STRs associated with certain genes may serve as 'tuning knobs' that facilitate adaptation 6 . Support for this is found in studies of selected STRs in wheat and barley populations, suggesting a link between STR diversity, and ecological factors, such as drought [7] [8] [9] . Nevertheless, the overall contributory effect of STR variation to local adaptation has not yet been addressed using genome-wide data from a larger collection of samples representing the global distribution of a species.
The small weed Arabidopsis thaliana has proven to be a unique model system to study and understand mechanisms underlying plant development, stress response, plasticity and adaptive responses in confined environments. Additionally, due to recent whole genome sequencing initiatives and transcriptome studies, A. thaliana has rapidly emerged as a powerful ecological and evolutionary study system that provides insight into population genomics, intra-specific genome evolution and how wild populations respond to biotic and abiotic conditions in their local environments [10] [11] [12] . Despite the fast-growing numbers of such studies, the biological importance of genetic variation caused by length variation in STRs has been more or less overlooked. One exception is a recent study by Press et al. 13 , where close to 2000 STR loci was explored among 97 A. thaliana strains and was found to have functional importance. For instance, a STR length expansion in the 3'UTR of MEE36 caused retention of its intron and was associated with reduced expression levels. Hence, there is a need to fully characterize the length variation of STRs in different A. thaliana populations at the whole-genome level. If STRs provide adaptive benefits, correlations between STR length variants and the environment associated with the plants geographical origin should be evident. To explore this avenue, we analyzed whole-genome data from more than a thousand A. thaliana natural specimens Strand-1 collected in Northern Norway -and thus have adapted to very different local biotic and abiotic conditions. Hence, the sample set provides an unprecedented opportunity to study STR variation in light of local adaptation. To our knowledge, we here present the first population-scale whole-genome STR profiling of a non-human organism.
Our results demonstrate that more than half of mononucleotide, dinucleotide and trinucleotide STR loci identified in wild A. thaliana accessions differed in length throughout its geographical distribution, and that the length variation in most cases was significantly correlated to specific environmental conditions. Of these, almost one third of the variants are located in the vicinity or within genes. Strikingly, close to 80 % of STRs located within protein coding sequence had length variation significantly associated with bioclimatic variables. We show that the coding STRs tend to overlap with putative protein binding sites, indicating a functional role for STRs in protein-protein and protein-DNA interactions. Moreover, we found that STR lengths co-varied with gene expression levels, and with variation in key adaptive phenotypic traits, such as the timing of flowering. Taken together, our results suggest that particular STR length variants provide advantages under certain biotic or abiotic conditions, and thus play a major role in facilitating adaptation. In a wider perspective, this first whole-genome population STR-profiling of a non-human organism provides a framework for similar analyses of adaptation-driving mechanisms in other organisms.
Results

Extensive STRs length variation in wild A. thaliana accessions
In order to characterize the simple repeats in A. thaliana we investigated the variation in 18835 mono-, di-and tri-STRs in 1041 A. thaliana wild accessions representing to a large extent its distribution in the Northern Hemisphere (Figure 1a ). The alignment of Illumina short reads from the accessions to the A. thaliana reference genome (the accession Columbia-0) revealed massive variation, which is still a likely underestimation, as the sequencing reads probably were too short to capture the longest variants. Furthermore, insufficient sequencing coverage for some accessions made it impossible to variant call all STR loci in all accessions, and some accessions did not have reads compatible with the alignment tool. Nevertheless, 11665 STR loci (Figure 1b) . Notably, the major allele frequency distribution for tri-STRs displays a long tail, as a considerable amount of tri-STR loci (n = 2138) was deemed to be variable in the total population, of which 758 were located in coding DNA. In introns, promoters, 3'UTRs and intergenic regions, variable STRs make up the largest group, whereas non-variable STRs are primarily found in 5'UTRs and coding DNA sequence. We defined variable STR loci as those with a major allele frequency less than 0.9 in the surveyed population. e. Barplot showing the number of variable and non-variable trinucleotide STR loci grouped by the homopolymer tract of amino acids that they encode.
Most STR loci are correlated with environmental conditions
As a next step, we addressed associations between STR variants and the markedly different 
Protein coding STRs overlaps with predicted functional sites
To further investigate the extent of biological connectivity among genes with habitat-associated )
. Surprisingly, almost 80 % of STRs coding for amino acids had length variation that correlated with habitat. To explore if such STRs could have a functional effect, we investigated where they are located in relation to protein structure. We found that the distribution of STR positions in proteins resembled a right-skewed inverted bell curve, indicating a selective location in protein termini (Supplementary Figure 3) . Further, we detected a mild overrepresentation of STRs in signal and transit peptide sequences, as annotated by the UniProtKB/Swiss-Prot consortium (Supplementary Figure 3) . In domains, we found STRs to be underrepresented, though with a notable presence in protein kinase domains (Supplementary Figure 3) . where length variation were associated with habitat, we used geneMANIA to find the largest coherent network of these proteins and interaction partners (Figure 3a) . The interaction network consists of numerous clusters of proteins, often involved in the same processes, such as chromatin remodelling, developmental regulation and biotic stress. We propose that coding STR length variation affecting interactions within such clusters could lead to changes on the phenotypic level that under certain environmental conditions provide selectional advantages. 
Hundreds of STRs associated with gene expression
To further address functional aspects of STR variation, we tested if differences in STR lengths influence gene expression. For this, we used RNA-sequencing data from rosette leaf tissue gathered by Kawakatus et al.
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. STRs were required to be no more than 500 bp distant from the target gene, which should capture most genic STRs. As for the tests of covariation with environmental variables, the deviation between observed p value distribution and expected p values given no association was high, evident from the QQ plot (Figure 4a 
STR lengths covary with phenotypic traits
There is a high degree of phenotypic variation among the A. thaliana accessions, and we hypothesized that some of this variation can be attributed to STR length variation. Utilizing experimental data deposited in a public database of A. thaliana phenotypes 23, 24 , AGL65 is known to be involved in pollen maturation 21 , CYCD2-1 is a cell cycle protein 25 , GL1 and GL2 are involved in trichome formation 26, 27 , AT2G24600 is an ankyrin repeat family protein of unknown function, ARAC6 may be involved in cell polarity control 28 and WAX2
is involved in cuticle wax production 22 In a broader perspective, the nature of STR length variation somewhat resemble that of epigenetic changes (epimutations), in that both STR length variations and epimutations occur at a rapid mode and are reversible. Both STR variation and epimutations may be involved in phenotypic plasticity-associated phenomena as well as local adaptation. However, the evolutionary impact of epigenetics is highly debated 32, 33 . In contrast to epimutations, STR mutations acting at the DNA level are inheritably stable, and as our results demonstrate, might affect protein interactions as well as gene regulation. Thus, the functional impacts of STR variations by far exceed the regulatory effects of epigenetics. Based on our findings, we reason that rapidly mutating STRs -located in functionally important sites -dramatically expand possible phenotypic outcomes of protein-protein and protein-gene networks, including gene regulation, of which selection can act upon. Given the high STR length mutation rate, an important implication is that adaptation to novel habitats or to a fluctuating environment can
happen faster than what point mutations (SNPs) alone can permit. Another layer of complexity is added by STR-driven gene expression, as presented here and in other studies 13, 20 , mechanisms of which include altering binding of transcription factors, affecting RNA stability/translation, remodelling of chromatin and/or affecting DNA methylation patterns 34, 35, 36 . The recent report that STR expansions can affect gene splicing 13 may add an additional mechanism to how length variation potentially shapes the phenotypic landscape.
Taken together, these results and the strikingly different allele frequency spectrum STRs display compared to that of SNPs, leads us to argue that to fully grasp the genetic variation in a population that can fuel adaptive evolution, it is paramount to incorporate STR length variation.
Furthermore, our results support a shift in the current view of STRs as neutrally evolving markers that occasionally lead to disease. Contrary to this view, the link between STRs and local habitat, adaptive phenotypic traits and gene expression, coupled with the extensive overlap with predicted functional sites, suggests that STR length variation is a potent evolutionary force. As STRs are intrinsic features of genomes, we find it likely that these mutational hotspots drive adaptation not only in small weeds, but across the Tree of Life.
Methods
STR variant calling
We used lobSTR except that 'score' was set to 30. We limited our analysis to mono-di-and trinucleotide STRs.
The TRF output (.dat) reported the genomic coordinates of each STR. Note that STRs reported by TRF might be interrupted. Increasing the 'score' parameter leads to higher purity in detected
STRs, but will increase the length required to score the sequence as a STR. We did not want to rule out shorter repeats, as STRs with fewer units can be biologically interesting as well. As input to lobSTR we used all the raw reads submitted by the 1001 genome consortium to the SRA archive 6 , extracting the FASTA sequences from the .sra files using the SRA toolkit (v. 2.7.0, fastq-dump, with parameters: --split-files, --fasta 0). We created a custom index of TAIR10, 'randomstats'-module of pybedtools were used for this purpose and generates an estimated p value based on the chosen number of permutations (with n = 1000, the lower estimated p value limit is 0.001).
Population structure inference
In order to obtain the best group designation to correct for population structure, we conducted formed a common cluster in the STR-based PCA, and merged these into one group. Our final six groups were composed of the merged group, Germany, Asia, South Sweden, North Sweden and relicts.
Habitat modelling
Prior to the modelling we removed reads from accessions that is currently in a verification pipeline due to possible mix-ups during sampling 51 . We mined environmental data (derivative measures of temperature, precipitation, solar radiation and humidity) from Worldclim 2.0 (www.worldclim.org; bioclimatic variables at 2.5 arc-minutes resolution 52 ), based on each accessions coordinates (with ~10 km precision). For each STR loci, we tested how well the environmental variables predict a change in STR length. To do this, we built linear mixed effect (LME) models with the combined STR length of both alleles for each STR locus (STR dosage)
modeled by the values of each predictor variable (of which there were 19, after removing the most correlated variables). Tests were conducted using the R package 'nlme' (v. 3.1, default parameters) 53 .
Gene expression modelling
We used normalized RNA-seq profiling data of the rosette leaves from 727 A. thaliana accessions 11 . Of these, we had produced STR variant calling data from 665. Using MatrixEQTL 54 , we modelled expression using additive linear models, where we tested the significance of STR dosage on gene expression. We accounted for population structure by including the previously defined groups as a covariate.
Gene Ontology and protein networks
We Cytoscape add-on.
Phenotypes
We gathered phenotype data for 225 different experiments from the AraPheno database other phenotypes the number of accessions with phenotype measurements ranged from 198 to 57 accessions. We tested the effect of STR dosage at each STR locus as a predictor of phenotype using linear mixed effect models. The previously defined groups were used as a random effect, to control for population structure. Tests were conducted using the R package 'nlme' (v. 3.1, default parameters) 53 .
